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ourselves, but they may additionally harm other people. These so-called social or harmful mistakes 48 are therefore often associated with enhanced feelings of responsibility (de Bruijn et al., 2017; Koban 49 et al., 2013) . Consequently, during social interactions it is important to monitor our ongoing 50 performance and to regulate our actions in a way that is aimed at optimizing the interaction (de 51 Bruijn et al., 2012a Bruijn et al., , 2017 . Studies on performance monitoring have mainly focused on non-social 52 settings (for recent reviews see e.g., Gehring et al., 2018; Ullsperger et al., 2014a) , but researchers 53 have now also started investigating human performance-monitoring processes in different social 54 contexts (for a review see Koban & Pourtois, 2014) . For example, it has been demonstrated that 55 Although monitoring of errors made by others is crucial for social processes such as observational 61 learning (see e.g., Brazil et al., 2011) , the disadvantage of focusing on these types of errors is that the 62 4 classified into the early error positivity (Pe) and the late Pe (see e.g., de Bruijn et al., 2017; Ullsperger 72 et al., 2014b) . The ERN is thought to result from dopamine-based prediction errors enabling flexible 73 adaptive behavior by triggering short-term behavioral adjustments (see e.g., Debener et al., 2005) . 74
The Pe is assumed to be more specifically involved in conscious affective processing of mistakes 75 (Ullsperger et al., 2014a) and/or subjective confidence of one's actions (Boldt & Yeung, 2015) . 76 Debener et al. demonstrated that ERN amplitudes were associated with both increased pMFC 83 activations and prolonged reaction times following an erroneous response. This increase in reaction 84 time can be interpreted as error-related adaptive behavior -i.e., taking more time to increase the 85 likelihood of responding correctly on the next trial -and is known as post-error slowing (Dutilh et al., 86 2012; Rabbitt, 1966 ; but see Notebaert et al., 2009 for an alternative explanation in terms of re-87 orienting). In short, people adjust their behavior to achieve the most optimal outcome using various 88 neural mechanisms. However, the efficiency in detecting and monitoring errors is related to 89 individual differences in personality traits, functioning of the autonomic nervous system, and the 90 experience of emotions (Segalowitz & Dywan, 2009 ). 91
Indeed, modulations of the ERN have been reported in many studies and the component 92 seems particularly sensitive to individual trait differences and distress associated with the mistake. 93
For example, ERNs are larger when error significance is enhanced, e.g., when an error is punished 94 2018). The role of the individual salience of errors also fits well with the many observations of 97 enhanced ERN amplitudes in patients suffering from anxiety-related disorders, such as obsessive-98 compulsive disorder (for recent reviews see Endrass & Ullsperger, 2014; Perera et al., 2018) . 99
As stated above, most research so far has either focused on performance monitoring in non-100 social contexts or on processes such as error observation that do not require social interactive 101 behavior. As a result, only little is known about monitoring of performance that may actually affect 102 others. Fortunately, a few recent studies have started shedding light on the latter. Using fMRI, Koban 103 and colleagues (2013), for example, showed that socially harmful mistakes (i.e., mistakes that caused 104 pain in others) more strongly activate the cingulate-insula network compared to non-harmful errors. 105 Yu et al. (2014) demonstrated enhanced activity in the same network when only the participant in 106 the scanner made a mistake and was hence solely responsible for causing pain in another person 107 compared to the situation in which both participants responded incorrectly and thus shared the 108 responsibility. The authors interpreted these effects in terms of interpersonal guilt, a negative 109 emotional state experienced when inflicting harm on others. In a study from our lab, we have 110 demonstrated that performing in a high responsibility context, i.e., when actions additionally had 111 consequences for a co-actor, was associated with recruitment of dorsal medial prefrontal cortex 112 (dMPFC) an area involved in social-reasoning processes such as sharing or inferring other's states 113 (i.e., mentalizing) (Radke et al., 2011) . Enhanced activation in this area has also been reported during 114 the observation of a co-actor receiving painful shocks when the participant had full versus shared 115 responsibility for causing the pain (Cui et al., 2015) . 116 However, to our knowledge, only one previous study from our own lab investigated how 117 differences in responsibility for other's harm may affect early automatic error-related ERP 118 components such as the ERN and Pe. In this recent pharmacological study, we demonstrated 119 oxytocin-induced enhancements of the ERN for social compared to non-social mistakes (de Bruijn et 120 al., 2017). Contrary to our expectations though, this enhancement for socially harmful mistakes was 121 not present in the placebo condition. We speculated that this unexpected finding was the result of 122 the indirect and subtle responsibility manipulation used. More specifically and unlike the existing 6 fMRI studies, the co-actor did not observe the participant's performance and was thus unaware of 124 his/her mistakes. In addition, the participants' mistakes did not directly affect the outcome of the co-125 actor, but rather affected the (somewhat vague) long-term possibility of winning an additional joint 126 prize after data collection for the entire study would have been completed. The advantage of this 127 method was that it provided a lot of experimental control (i.e., the non-social and social condition 128 only differed with respect to instructions provided), but it may also have reduced the impact of the 129 manipulation. So although previous studies have shown the involvement of social cognitive as well as 130 performance-monitoring related neural mechanisms when performing in high-responsibility 131 contexts, it is unknown if error-related ERP components such as the ERN and Pe are also differently 132 modulated by harmful versus non-harmful mistakes in a social context. 133
The current study aims at answering this question by having participants perform a social 134 flankers task in both a non-harmful and a harmful condition. Social mistakes were manipulated by 135 providing aversive noise blasts over headphones to a co-actor for each mistake made by the 136 participant in the harmful condition. In the non-harmful condition however, the co-actor would hear 137 a non-aversive soft sound following each mistake. Importantly, participants did not receive these 138 sounds themselves and both performance and feedback was thus similar for them in both conditions. 139
We hypothesized that mistakes in the harmful condition would be associated with enhanced error 140 significance and thus larger ERN and Pe amplitudes compared to the non-harmful condition. Two participants were invited to the lab. The experimenter explained that one of them would 158 perform the flanker task while the other person's task was to count their mistakes based on the soft 159 or loud noise he/she would hear over their headphones. We told them that we were both interested 160 in the cognitive abilities of the person performing the flanker task, and in the effects of the 161 interference of aversive sounds on the person counting the mistakes. The participant who counted 162 the mistakes was actually a same-gender confederate who was invited to the lab to make it 163 believable for the actual participant that their mistakes had negative consequences for another 164 person. 165
Before starting the task, participants completed 40 practice trials "out loud" while the 166 confederate was sitting next to them. During this phase, both the participant and the confederate 167 heard the noise through the speakers whenever the participant made a mistake. This was done in 168 order to make the participant aware of the averseness of the loud noise and the impact it had on the 169 other person. Additionally, we asked both the participant and the confederate to rate the 170 (un)pleasantness of both the soft and the loud noise on a scale from 1 (very pleasant) to 7 (very 171 unpleasant) as a manipulation check. The participants could not see each other's ratings, but the 172 experimenter always intentionally mentioned that the confederate had chosen for the highest level even though they would not actually hear the noise, it would help them to stay focused during task 176 performance. A setup with two computer displays was used. The displays were positioned on two 177 separate tables divided by a screen (see Figure 1 ). Both participants were in the same room but were 178 unable to see or hear each other. After completion of the study, participants were debriefed. The 179 experimenter informed them that the other person was a confederate who did not actually hear 180 noise blasts following mistakes of the participant. We used a novel social variant of the Flanker task (Eriksen & Eriksen, 1974) , the so-called error-188 responsibility task (ERT), in which participants had to respond to the central arrow (< or >) of a string 189 of 5 arrows by a left or right button press. The central arrow can either be the same as the 190 surrounding (i.e., flanking) arrows (congruent trial: <<<<< or >>>>>) or different (incongruent trial: 191 <<><< or >><>>). Each trial started with the presentation of a fixation cross (250 ms). Next, the 192 flanking arrows were presented for 80 ms, followed by presentation of the central arrow for 50 ms.
Participants were instructed to respond as fast and accurate as possible. 195
The ERT consisted of two conditions of 416 trials each including 50% congruent and 50% 196 incongruent trials presented in a random order. A short break was introduced halfway in each 197 condition. The order of the two conditions was counterbalanced across participants. In the "Non-198 harmful" condition, mistakes made by the participant resulted in the generation of a soft and not 199 unpleasant noise for the other person, while in the "Harmful" condition mistakes resulted in a loud 200 and aversive noise blast delivered over the headphones to the other participant. Note that there 201 were no direct observable consequences for the performing participant in either condition. 202
During each break, subjective levels of anxiety, frustration, desperation, boredom, and effort 203 were measured using visual analogue scales (VAS) where we asked participants to rate (on a 204 continuous scale of 0-12) how they felt during performance of the previous block of trials. The total 205 task duration was around 30-40 minutes, including the time spend on answering these questions. 206 207
Exit questions 208
After performing the ERT, participants filled out an exit-questionnaire. Participants were asked to 209 indicate how upset they were when they made a mistake resulting in a soft/loud noise for the other 210 person (1 = not at all, 7 = very much). They also had to indicate more generally how they experienced 211 the task regarding pleasantness (1 = very unpleasant, 7 = very pleasant), difficulty (1 = very difficult, 7 212 = very easy), motivation (1 = very low, 7 = very high), and how often they were thinking about the 213 consequences for the other person when they made a mistake (1 = never, 7 = always). Finally, they 214 were asked to indicate how much connection they felt with the other person using a pictorial 215 measure of closeness (Aron, Aron, and Smollan, 1992; 1 = not at all, 7 = very much). The results for 216 the questions directly related to the manipulation are reported below, while the outcomes for the 217 more general task-experience related questions are reported in the supplementary material. 218 219 such as empathy and psychopathic traits. This was, however, not the main purpose of the study and 222 our sample size is relatively small to investigate possible individual differences in these traits. 223
However, for transparency and completeness, the outcomes of the correlation analyses with these 224 questionnaires are reported in the supplementary material. amplified and digitized with a BioSemi ActiveTwo system at a sampling rate of 512 Hz. EEG data was 234 further analyzed offline using Brain Vision Analyzer 2.0 (BVA; Brain Products, Munich, Germany). All 235 signals were re-referenced to the average of the left and right mastoids, filtered with a band-pass 236 filter between .02 and 20 Hz and with a notch filter of 50Hz, followed by a lenient artifact rejection to 237 remove large artifacts. Eye movements were then corrected using the automatic independent 238 component analyses (ICA) for ocular corrections implemented in BVA, using a slope algorithm for 239 blink detection, 512 ICA steps, and an infomax restricted ICA (mean number of components removed 240 was 7). The ICA was followed by a stricter artifact rejection on the main electrodes of interest (Fz, 241 Significantly more correct trials than error trials entered the averages (p < .001), but neither the main 245 effect of condition (p = .412) nor the interaction between the two was significant (p = .107). 246
Response-locked ERPs were baseline corrected relative to a 200 ms pre-stimulus baseline and 247 averaged for correct and incorrect responses to incongruent stimuli and for each subject separately. 248 ERN amplitude was determined on these subject averages by subtracting the most negative peak in 249 the 0 to 150 ms time window after response onset from the most positive peak in the time window 
Manipulation checks 286
Mean ratings of the exit questions are presented in Table 1 . On a scale of 1-7, ranging from not 287 unpleasant at all to very unpleasant, participants rated the soft noise in the non-harmful condition 288 significantly as less unpleasant (M = 1.63) than the loud noise in the harmful condition (M = 5.74; 289 t(26) = -23.96, p < .001). Also, the exit questionnaires indicated that participants felt on average more 290 upset when making a mistake in the harmful (M = 5.00) compared to the non-harmful condition (M = 291 2.74; t(26) = -9.33, p < .001). The VAS scales -with scores ranging from 1-12 -showed that 292 participants reported more effort to perform well in the harmful (M = 9.84, SD = 1.81) than in the 293 non-harmful condition (M = 9.18, SD = 1.82; t(26) = -4.18, p < .001). Levels of desperation (2.19 vs 294 1.47; p = .034) and boredom (4.30 vs 5.05; p = .048) were non-significant after Bonferroni correction. 295 Anxiety (2.38 vs 1.70; p = .064) and frustration (3.67 vs 2.97; p = .080) scores did not show significant 296 differences between the two conditions either. 297 298 Table 1 . Mean ratings (standard deviations in parentheses) for the exit questions asked at the end of 299 the experiment. The analyses on adaptive behavior following errors revealed a main effect of post-error 314 slowing, F(1,26) = 59.93, p < .001, η p 2 = .70, with slower reaction times for correct responses 315 following a mistake (427 ms) than before a mistake (395 ms). Again, neither the main effect of 316
Context nor the interaction between the two was significant (both Fs<1). Figure 4 ). In line with this, the differences in ERN 342 amplitude between the two contexts were largest at Fz (1.14 µV) and FCz (1.15 µV) compared to Cz 343 (.70 µV). 344
Please note that the additional analysis using an area around the most negative peak 345 revealed a similar pattern as the peak-to-peak ERN quantifications, with a significant main effect of The late Pe analyses demonstrated a similar pattern as the early Pe, with significant main effects of 367 Electrode, F(3,24) = 6.45, p = .002, η p 2 = .45 and Correctness, F(1,26) = 51.24, p < .001, η p 2 = .66. The 368 interaction between the two was also significant, F(3,24) = 9.59, p < .001, η p 2 = .55. Follow-up tests 369 showed that the correctness effect was not significant at Fz (p = .26), but was significant at the other 370 three locations (all ps < .001). Again, numerically the largest difference between correct and incorrect 371 waveforms was observed at Pz (8.36 µV; Cz = 6.18 µV; FCz = 3.59 µV; Fz = 1.28 µV; see Figure 4 ). The 372 main effect of Context was not significant (F<1). Neither did any of the remaining two-way and three-373 way interactions reach significance (all Fs < 1.27, all ps > .13). Please note that analyses on stimulus-374 locked ERP components (N1, N2, and P3) did not reveal any effects of the manipulation (see 375 supplementary material). 376
377

ERP-self report correlations 378
Exploratory spearman correlation analyses showed that ERN amplitudes at Cz correlated significantly 379 with the self-reported effort participants put in to perform well (as measured with the VAS) in the 380 harmful condition (ρ = -.442, p = .021). ERN amplitudes at FCz (ρ = .502, p = .008) and Cz (ρ = .436, p = 381 .023) also correlated significantly with experienced boredom in the harmful condition. Please note 382 that the ERN is a negative ERP component. Negative correlation coefficients thus reflect larger ERN 383 amplitudes to be associated with higher scores on the questionnaires. For a report of all correlation 384 analyses, see supplementary material. 385
DISCUSSION 387
The aim of the current study was to investigate performance-monitoring processes in harmful and 388 non-harmful social conditions using ERPs. Our manipulation check showed that participants rated the 389 loud noise more aversive than the soft noise and they felt more upset when making mistakes that 390 harmed others. They also reported higher effort to perform well in harmful contexts than in non-391 harmful ones. These results indicate that our manipulation was successful and that the error 392 responsibility paradigm thus created an effective harmful and non-harmful social context. 393
Behaviorally, all expected standard flanker task effects were present. Congruency effects were 394 observed for both reaction times and error rates and erroneous responses were faster than correct 395 ones. Also, participants slowed down following a mistake, reflecting post-error slowing (Rabbitt, 396 1966 ). These behavioral effects were of similar size in both conditions and also overall reaction times 397 were comparable for the harmful and non-harmful situations. At the electrophysiological level, the 398 results showed that ERN amplitudes at frontocentral electrode locations were larger for mistakes 399 that harmed others compared to non-harmful mistakes. Pe amplitudes, however, were not different 400 for the two conditions. 401
The absence of manipulation-induced behavioral effects is not very unexpected given 402 previous research. Performance-monitoring studies using (variants of) a flanker task often fail to 403 report behavioral effects, because of the strict instructions that emphasize both speed and accuracy 404 (cf. de Bruijn et al., 2017). As a minimum number of errors are required for the analyses, only a small 405 reaction-time window is available during which responses can be given, thus limiting variability in 406 reaction times. Also, the aim is to keep error frequencies as comparable as possible between the 407 different conditions, as it is known that performance differences, such as dissimilar error rates may 408 affect ERN amplitudes (see e.g., Fischer, Klein, & Ullsperger, 2018; Gehring et al., 1993) . We can 409 therefore conclude that the currently found effects on ERN amplitude are not confounded by more 410 general differences in performance. 411
Note that the emphasis on both speed and accuracy may also limit the occurrence of post-412 error slowing, as this is usually more pronounced when accuracy is emphasized over speed 413 to non-harmful mistakes. This outcome is consistent with the idea that error significance or 429 subjective salience is an important determinant of ERN amplitude and that the component is 430 sensitive to distress (Bartholow et al., 2005) . This is particularly interesting as -unlike previous 431 studies-there was no consequence associated with errors for participants themselves in neither 432 condition. Based on the outcomes of the questionnaires, however, it is plausible to assume that 433 making mistakes in the high responsibility context is associated with enhanced distress. The neural 434 generator of the ERN, the anterior midcingulate cortex, is known to not only respond to errors, but 435 to multiple aversive signals such as negative affect, cognitive conflict, and pain (Shackman et al., 436 2011) . The area has therefore been argued to play a central role in adaptive behavior by signaling 437 aversive information. The ERN, originating from this area, may be amplified by aversive states that 438 indicate a greater need for cognitive control, such as distress (Nash et al., 2014) . The present study 439 thus shows that performing in a potentially harmful social context may represent an aversive state 440 that amplifies ERN amplitudes and increases the impact of the resulting harmful mistakes. Social 441 saliency, here expressed in the level of possible harm inflicted on others, is thus sufficient for 442 modulating early performance-monitoring processes reflected in the ERN. 443
A theoretical explanation of the ERN that also allows mathematical formalization holds that 444 the component reflects a (reward) prediction error that triggers behavioral adjustments, such as 445 error-correction processes or error-prevention strategies (for a recent overview on the physiological 446 principles of performance monitoring, see Ullsperger, Danielmeier, & Jocham, 2014b). A prediction 447 error is elicited when expected and actual outcomes differ and scales (negatively) with expectancy. 448
Consistent with this idea, surprising outcomes are associated with greater responses in areas in prediction errors in performance monitoring comes from studies that have demonstrated prediction 451 errors to scale with the ERN elicited by unexpected feedback (the so-called feedback-related 452 negativity or FRN; see e.g., Chase et al., 2011; Fischer & Ullsperger, 2013; Walsh & Anderson, 2013) . 453
We propose that the currently self-reported higher effort to perform well in the harmful condition 454 may be related to subjective expectancy and hence the magnitude of prediction errors generated. 455
Specifically, participants' expectations may be altered in high-effort contexts rendering mistakes 456 more surprising than in low-effort situations, which may thus result in relatively larger prediction 457 errors. Although dedicated studies preferably using a combination of single-trial analyses and 458 computational modeling are needed to confirm this explanation, the current data do provide indirect 459 support in the form of the significant correlation between ERN amplitudes and self-reported effort. The current findings are also relevant from a clinical perspective, as differences in the 477 magnitude of the concern people have for others can be observed in various disorders. Enhanced 478 feelings of guilt or responsibility for harm is, for example, observed in OCD (Gangemi & Mancini, 479 2017; Salkovskis et al., 2000. Patients often worry that harm may come to others because of 480 something they do or fail to do (Hezel & MCnally, 2016) . Although patients are aware that these 481 behaviors do not have a realistic relation to the possible harm (e.g., taking a long route to the 482 supermarket to prevent a fire in one's parents apartment), they do feel the need to perform this 483 behavior to reduce the distress associated with the thought and/or the likelihood of the event taking 484 place. Conversely, individuals that score high on psychopathic traits are characterized by reduced 485 feelings of guilt and a lack of remorse (Cleckley, 1982; Hare et al., 1984 ; Prado, Treeby, & Crowe, 486 2016), which may promote antisocial behavior (Blair, 1995; Cima, Tonnaer, & Hauser, 2009 ). Also, 487 psychopathic individuals often do not take responsibility for their actions and show decreased 488 concern for how their behavior may negatively affect others (Hare, 1980) . Studying performance 489 monitoring in socially harmful contexts may thus provide important insight into the often reported 490 but still poorly understood altered performance-monitoring processes in these disorders. For 491 example, enhanced ERN amplitudes have been repeatedly demonstrated in OCD and have therefore 492 been proposed to reflect an endophenotype of the disorder (Endrass & Ullsperger, 2014; Riesel et al., 493 selection on the basis of these traits took place, etc.), but the current data did not provide evidence 503 for a central role of these traits either (see supplementary results). Alternatively, one could argue 504 that the impact of the manipulation was simply not strong enough for these patterns to emerge. 505
Manipulations, such as establishing prior cooperative or competitive states (cf. Ruissen & de Bruijn, 506 2016) may enhance the impact of the manipulation and the role that certain traits play in these 507 processes. Such manipulations may then help in disentangling the exact role of task-induced affective 508 processes or personality traits in modulations of social performance monitoring. 509
Another interesting option for future research is to further investigate the absence of a 510 behavioral equivalent of the currently found context effects in our ERP measures. Using a 511 probabilistic learning paradigm, for example, one could establish whether participants also learn 512 faster from errors or negative feedback when negative consequences for another person are 513 involved. Support for the possible influence of social manipulations on performance monitoring in 514 the context of learning comes from a recent study by Voegler et al. (2019) in patients with social 515 anxiety disorder. The results demonstrated reduced learning from negative feedback in these 516 patients as well as modulations of the feedback-related negativity specifically under social 517 observation. In short, we emphasize the importance of employing experimental designs that 518 incorporate social manipulations to increase our understanding of the complex interplay of social and 519 personality factors in performance monitoring as well as its clinical relevance. 520
To conclude, using a novel social performance-monitoring paradigm, we demonstrated 521 enhanced early performance monitoring as reflected in the ERN for harmful compared to non-522 harmful mistakes. This finding not only extends existing fMRI studies that demonstrated the 523 involvement of both social-cognitive and performance-monitoring related neural mechanisms, but it 524 also reveals that social saliency in itself is sufficient to modulate early, automatic performance-525 monitoring processes. The present outcomes are consistent with theories that propose that the 526 distress associated with errors scales with ERN amplitudes and that the ERN reflects prediction errors 527 that are used to improve performance through adaptive behavior. As a result, the current study not 528 only furthers our theoretical and fundamental knowledge of performance monitoring, but also opens 529 up new research avenues into alterations in these processes often observed in clinical disorders 530 characterized by aberrant responsibility attitudes. 531 532
